Root and foot diseases severely impede grain legume cultivation worldwide. Breeding lines with resistance against individual pathogens exist, but these resistances are often overcome by the interaction of multiple pathogens in field situations. Novel tools allow to decipher plant-microbiome interactions in unprecedented detail and provide insights into resistance mechanisms that consider both simultaneous attacks of various pathogens and the interplay with beneficial microbes. Although it has become clear that plant-associated microbes play a key role in plant health, a systematic picture of how and to what extent plants can shape their own detrimental or beneficial microbiome remains to be drawn. There is increasing evidence for the existence of genetic variation in the regulation of plant-microbe interactions that can be exploited by plant breeders. We propose to consider the entire plant holobiont in resistance breeding strategies in order to unravel hidden parts of complex defence mechanisms. This review summarizes (a) the current knowledge of resistance against soil-borne pathogens in grain legumes, (b) evidence for genetic variation for rhizosphere-related traits, (c) the role of root exudation in microbe-mediated disease resistance and elaborates (d) how these traits can be incorporated in resistance breeding programmes.
of the system. Despite their ecological and economic importance, legume cultivation remains below expectations due to low and unstable yields, mainly because of biotic and abiotic stresses (Graham & Vance, 2003; Karkanis et al., 2016; Zander et al., 2016) . It has repeatedly been shown that successively growing legumes on the same field leads to the build-up of various root-infecting fungi, oomycetes, and nematodes, resulting in a phenomenon called "soil fatigue," also referred to as "legume yield depression syndrome" or "soil sickness" Emden, Ball, & Rao, 1988; Fuchs et al., 2014; Huang et al., 2013; Li et al., 2014) . Nayyar et al. (2009) showed that 11 years of continuous pea monocropping led to a substantial increase in root rot and a concomitant grain yield reduction of 70% compared with a pea-wheat rotation. These symptoms were associated with a decrease in overall soil microbial biomass and activity in general and a reduction of arbuscular mycorrhizal fungi (AMF) in particular. Bainard et al. (2017) confirmed these observations assessing different legume-wheat crop rotations and showed that the inclusion of two or more grain legumes into a 4-year crop rotation caused a significant shift in the soil fungal community, a decrease in fungal diversity, and an increase in fungal pathogens. Accordingly, not only a mere accumulation of pathogens is responsible for the yield reduction in continuous legume cultivations, but also actual shifts in the microbial community that can lead to devastating dysbiosis in the rhizosphere. As a consequence of soil fatigue in legume cultivation, rotation breaks of up to 10 years are recommended for certain legume crops (Moussart, Even, & Tivoli, 2013; Wilbois et al., 2013) . This stands in sharp conflict with efforts to increase acreage of legumes to meet the increasing protein demand of a growing world population and to strengthen low input farming systems.
Breeding for resistance has been proposed as the most efficient, economical, and sustainable approach for controlling diseases in legumes (Rubiales et al., 2015) . Substantial progress has been made in the development of genetic material resistant to individual pathogens and the elucidation of the underlying genetic basis of resistance traits. However, plant-pathogen interactions are embedded in complex interdependencies among all the microorganisms present in a given space around the plant, that is, the rhizosphere in the case of soil-borne pathogens. Breeding for complex traits such as resistance against soil fatigue is a challenging endeavour, but will eventually lead to more sturdy agro-ecosystems. Thanks to intensive research on soil microorganisms in the rhizosphere, it became evident that the performance of a plant is strongly dependent on the interaction with the associated microbial community (Andreote & de Pereira e Silva, 2017; Bulgarelli et al., 2015; Hartman, van der Heijden, Roussely-Provent, Walser, & Schlaeppi, 2017) . Plants are in a constant metabolic crosstalk with the associated microbiome. They are a driving force in assembling microbial communities in their vicinity and shape the root-associated microbial community through the release of root exudates that can have stimulating or suppressive action on microbes (Bais, Weir, Perry, Gilroy, & Vivanco, 2006; Hartmann et al., 2009; Lakshmanan, 2015) . Plants and their associate microbiome can be recognized as the holobiont, and it has been postulated that the beneficial interplay of the host plant and its microbiome is responsible for maintaining health, whereas diseases, as outlined above, are correlated with microbial dysbioses (Berg, Köberl, et al., 2017) .
The aim of this review is to examine the interplay between plant genotype, rhizosphere microbial communities, and root exudation and its implications for resistance breeding of grain legumes against fungal root diseases (for key messages, see Box 1). A broad overview of the most important fungal pathogens and resistance capacities in legume germplasm collections is followed by the current understanding of plant-pathogen interactions in the rhizosphere. The role of root exudates in direct or microbe-mediated disease resistance is depicted. Eventually, we will discuss how plant genetic diversity for rhizosphere-related traits could be utilized in legume breeding to develop cultivars with increased and stable resistance against soil-borne pathogen complexes.
Box 1. Key messages
• Grain legume cultivation is severely impeded by rootinfecting pathogens. The control of these fungal and oomycotan pathogens is challenging, as they occur as pathogen complexes in the field. Past and ongoing efforts to develop resistant cultivars in legume breeding have only shown partial success.
• Disease resistance against soil-borne pathogen complexes is not a mere plant, but a system trait involving close interactions of the plant with the rootassociated microbial community.
• Various compounds exuded by plant roots influence the composition and activity of the microbial community.
• New sequencing technologies allow to investigate plant genotype-microbiome interactions. Most importantly, they allow … … to identify key players in pathogen complexes and key beneficial microbes that strengthen plant health and defence and … to elucidate mechanisms involved in microbiomemediated disease resistance.
• Recent insights into the genetic basis of plantmicrobiome interactions provide opportunities for resistance breeding of legumes.
| Major root diseases of grain legumes
The cultivation of grain legumes is severely compromised by root and foot diseases caused by many pathogens. This paper concentrates on important soil-borne fungal and oomycotan diseases. Nematodes are not included, although they are important soil-borne pests in legume cultivation (Rubiales et al., 2015; Sharma, Sikora, Greco, Vito, & Caubel, 1994) . They are involved in a complex interplay with other soil microbes, as illustrated, for example, for chickpea where different nematode species interact with rhizobia and fungal pathogens (Castillo, Navas-Cortés, Landa, Jiménez-Díaz, & Vovlas, 2008). Plants affected by fungal root and foot rots show various symptoms. These include brown to black lesions, spreading from the upper part of the main root into the root system and the stem; discoloration of the root system; and softening and decay of the root and lower stem cortex. (Aveskamp, de Gruyter, Woudenberg, Verkley, & Crous, 2010; Baćanović-Šišić, Šišić, Schmidt, & Finckh, 2017; Barilli, Cobos, & Rubiales, 2016; Haware, 1981; Tran, You, Khan, & Barbetti, 2016) .
These phytopathogenic fungi are responsible for severe leaf and stem spots and root rots on many legume host plants including pea, chickpea, lentil, and faba bean (Muehlbauer & Chen, 2007) . The genus Fusarium comprises several species that can cause severe root rot impeding cultivation of pea and common bean worldwide (Coleman, 2016; Hwang, Chang, Strelkov, Gossen, & Howard, 2014) . For instance, Fusarium solani and Fusarium avenaceum were among the most frequently isolated pathogens in the most important pea production regions of North America (Chittem et al., 2015; Feng et al., 2009; Taheri et al., 2017) . Yield losses were reported to reach up to 57% and 84% for pea and common bean, respectively (Basu, Brown, Crête, & Al, 1976; Schneider, Grafton, & Kelly, 2001) . Fusarium root rot is also responsible for high yield losses in white lupine (L. albus) cultivation and seems to play some role in chickpea and lentil root rot (Abdel-Monaim & Abo-Elyousr, 2012; Azevedo et al., 2017; Nene, Reddy, Haware, & Ghanekar, 2012; Raza, Christiansen, Jørnsgård, & Ortiz, 2000) . Rhizoctonia solani is one of the main soil-borne pathogenic fungi causing seed rot, damping-off, seedling blight, and root rots on pea, chickpea, bean, lupine, and lentil (Abdel-Monaim & Abo-Elyousr, 2012; Abdel-Monaim, Abo-Elyousr, & Morsy, 2011).
The R. solani species complex is composed of 14 genetically diverse anastomosis groups showing different host ranges and pathogenicities (Kraft & Pfleger, 2001; Melzer, Yu, Labun, Dickson, & Boland, 2016) .
Chickpea production is severely affected by various isolates belonging to several anastomosis groups of this fungus (Dubey, Tripathi, Upadhyay, & Deka, 2014) . Despite infrequent isolations from roots affected by a root rot complex, R. solani could be related to stand loss of pea (Mathew et al., 2012) . Besides fungi, two important members of the fungus-like class Oomycota, namely, Aphanomyces euteiches and Pythium spp., cause severe economically important diseases of several legume crops. A. euteiches is recognized as one of the most destructive soil-borne pathogens to pea and common bean, especially in France, North America, and Australia (Gaulin, Jacquet, Bottin, & Dumas, 2007; Hagerty et al., 2015; Watson, Browne, Snudden, & Mudford, 2013) .
There are also reports of lentil fields in North America being affected by A. euteiches (Vandemark & Porter, 2010 In the past, much research has been focused on single pathogen species and their life cycles and infection strategies have been thoroughly summarized (Allen & Lenné, 1997; Gaulin et al., 2007; Nzungize & Lyumugabe, 2012) . Recent research in legume diseases has increasingly focused on the co-occurrence of various pathogens as complexes Chittem et al., 2015; Taheri et al., 2017) . Although many pathogens of legumes have a global distribution, regional structuring of abundance exists. For example, A. euteiches, a major pathogen in pea cultivation of northern France and Sweden, has not been detected in German pea cultivation systems (Gaulin et al., 2007; Heymann, 2008; Pflughöft, 2012) . Furthermore, the causal pathogens and their relative significance in root rot complexes can vary by region, as shown for pea-producing areas in North America (Taheri et al., 2017) . In this latter study, it was shown that several pathogens are present simultaneously in diseased peas and that their relative prevalence differed from 1 year to the other, with F. solani favoured by drier conditions compared with F. avenaceum and Peyronellaea spp. Various pathogens are also associated with foot and root rot complex of faba beans (Sillero et al., 2010) . Species of the genus Fusarium are most abundant, but other pathogenic fungi, including R. solani, Pythium spp., Phoma spp., and A. euteiches, are simultaneously present in the pathogen complex.
Root and foot rots are difficult to control, as their causal agents can survive for many years either as saprophytes on plant residues or in the soil through the formation of resting structures. Furthermore, different pathogens present in the soil complement each other with respect to their ecological niche and infection strategies and even facilitate infection, as further exemplified below. Direct control of these pathogens by chemical fungicides is generally limited and recent regulatory actions concerning pesticide use call for alternative solutions. Some control of soil-borne diseases is usually achieved through sowing of certified seed, avoidance of infested field plots, and the application of long crop rotation breaks (Katan, 2017) . So far, it has been difficult to diagnose pathogen occurrences in the soil, but a soil-based bioassay has been developed that can be used to determine the disease potential of agricultural fields (Fuchs et al., 2014) .
| Resistance breeding against root diseases
For the long term, resistance breeding has been acknowledged as one of the most promising approaches to achieve sustainable and affordable success against soil-borne diseases (Rubiales et al., 2015; Russell, 1978) . Different international grain legume germplasm collections have been characterized for resistance and sources could be identified that show some level of resistance to particular soil-borne pathogens. Infantino et al., (2006) thoroughly reviewed sources of resistance to root diseases in legumes. Hence, only a few examples of resistance screenings will be mentioned below, in order to complement information on resistance screenings and detection of genomic regions associated with disease resistance, and to discuss some commonalities of these studies.
Germplasm with moderate resistance against Fusarium root rot exists for common bean, pea, and lupine (Grünwald et al., 2003; Hagerty et al., 2015; Raza et al., 2000; Silbernagel, 1990) . Only intermediate levels of resistance against D. pinodes and P. pinodella exist in pea germplasm despite considerable screening efforts (Carrillo, Rubiales, Pérez-de-Luque, & Fondevilla, 2012; Fondevilla, Satovic, Rubiales, Moreno, & Torres, 2007; Khan et al., 2013; Kraft, Dunne, Goulden, & Armstrong, 1998; Prioul, Deniot, Morin, Frankewitz, & Baranger, 2004) .
Moderate resistance to Rhizoctonia root and stem rot was found in pea, chickpea, and lentil germplasm McCoy & Kraft, 1984; Shehata, Davis, & Anderson, 1981; Talekar, Lohithaswa, & Viswanatha, 2017; Wang et al., 2006) . Moderate to high resistance against Pythium damping-off was found for pea (Ohh, King, & Kommedahl, 1978) , common bean (Li, You, Norton, & Barbetti, 2016; Nzungize & Lyumugabe, 2012) , and chickpea (Kumar, Kaiser, & Hannan, 1992) . For pea, partial resistance has also been found against A. euteiches, (Malvick & Percich, 1999; Wicker, Moussart, Duparque, & Rouxel, 2003) .
Commercial cultivars of grain legumes generally show low resistance levels. Resistant germplasm is regularly detected among landraces, gene bank accessions, or related species or subspecies. For instance, the Mesoamerican bean landrace Puebla 152 shows enhanced resistance against Fusarium root rot compared with the cultivar Zorro (Nakedde, Ibarra-Perez, Mukankusi, Waines, & Kelly, 2016) . Likewise, in a screen of 304 faba bean accessions and cultivars for resistance against nine different isolates of R. solani, gene bank accessions showed higher levels of resistance, and against more R. solani isolates, compared with commercial cultivars (Rashid & Bernier, 1993) . Similarly, in lupine, gene bank accessions examined in F. avenaceum sick soil showed higher resistance than commercial cultivars . Apparently, gene banks harbour the genetic potential to breed grain legumes for resistance against different forms of root rot. In Egypt, for example, two lupine cultivars resistant to Fusarium root rot were specifically developed from resistant landraces (Raza et al., 2000) . However, the use of resistance sources is hampered by the complex inheritance of the resistance and by the complex resistance mechanisms involved, in particular in the presence of various pathogens in the field, as will be shown in the next section.
Resistance to root rots is a quantitative inherited trait. Biparental linkage analysis and genome-wide association studies (GWAS) have been used to map quantitative trait loci (QTL) for resistance against various root pathogens in grain legumes. Resistance to Fusarium and Aphanomyces root rot has been mapped in common bean, with a colocalization of resistance and root morphology-related QTL, indicating that a combination of physiological mechanisms and root architecture traits is responsible for disease resistance (Hagerty et al., 2015; Nakedde et al., 2016; Navarro, Sass, & Nienhuis, 2008; Schneider et al., 2001) . In pea, extensive mapping studies have been conducted for Fusarium and Aphanomyces root rots, and colocalization of rootarchitecture and resistance QTL have been evidenced, too Desgroux et al., 2016; Desgroux et al., 2018 Desgroux et al., , 2018 Feng et al., 2011; Hamon et al., 2011; Li et al., 2012; Pilet-Nayel et al., 2002 . Regarding D. pinodes, the most virulent pathogen of the Ascochyta complex, several QTL studies identified and reconfirmed genomic regions controlling resistance in pea (Carrillo et al., 2014; Fondevilla et al., 2007 Fondevilla et al., , 2011 . These studies contribute considerably to the progress in identifying genomic regions involved in resistance against root pathogens. However, there is a need to identify the genes underlying the QTL involved in resistance or at least molecular markers more tightly linked to them, which would allow designing marker-assisted selection (MAS) approaches in grain legume breeding.
Although there are promising indications to apply MAS in resistancebreeding programmes of legumes, so far, these tools have rarely been adopted by legume breeders (Khan et al., 2013; Rubiales et al., 2015) .
Next-generation genotyping (e.g., single nucleotide polymorphisms; SNP) will allow to generate high-density genetic maps and to refine mapping of agronomic traits, such as resistance against pathogens.
Improved phenotypic scoring of resistance among assessed accessions (e.g., digital image analysis; Desgroux et al., 2018) will further contribute to improving QTL analysis and it seems likely that in the near future, mapping studies will identify more genomic regions, candidate genes, and markers for potential MAS. Hamon et al. (2013) Most importantly, the study by Desgroux et al. (2016) included various field conditions and controlled condition assays with two distinct pathogen strains, making the identified genomic regions a valuable resource for future breeding efforts in pea. Although they detected QTL consistent over the different environments, significant plant genotype × environment (G × E) and plant genotype × pathogen strain interactions were observed. Strong G × E interactions cause low heritability of the assessed traits, such as disease resistance against root rot pathogens, and are a major constrain for the identification of significant genomic regions governing resistance under field conditions (Acquaah, 2012) . Besides climate and physical/chemical soil properties, an important driver of G × E involves the entire plant-associated microbial community, including the varying abundance and virulence of different pathogen species and strains. A drawback of a large part of the above-cited studies is that they were performed in controlled conditions on a sterile substrate and artificial inoculation of a pathogen strain. Although this allows to apply well-defined disease score ratings and obtain reproducible susceptibility levels of tested accessions, this does most probably not reflect the situation in the field where plants interact with a wide variety of different microorganisms. Screening crops for resistance under the assumption that a wide range of possible causal agents is present in the field will be a complicated endeavour.
Clearly, it will be challenging to design reliable tests for the evaluation of cultivar reactions against pathogen complexes.
| COMPLEX INTERACTIONS BETWEEN GRAIN LEGUMES AND THEIR ROOT-ASSOCIATED MICROBIOTA

| The dilemma with pathogen complexes
Plant roots are involved in a myriad of interactions with different soil microbes, ranging from beneficial alliances with mycorrhizal fungi, other fungal root endophytes, and plant growth-promoting rhizobacteria, to detrimental associations with pathogenic bacteria, fungi, and oomycetes (Dudeja, Giri, Saini, Suneja-Madan, & Kothe, 2012; Müller, Vogel, Bai, & Vorholt, 2016) . In contrast, plant pathology has focused its research mainly on two-way pathogen-host interactions. The identification of resistant plant genotypes and the underlying resistance mechanisms is usually achieved by artificial inoculation of genetically different plant accessions with single pathogen strains on sterile substrate or in fields with confirmed preponderance of a single pathogen species. Today, it is acknowledged that plant diseases are often caused by multilateral interactions among different pathogens and that pathogens need to be considered as parts of microbial complexes (Abdullah et al., 2017; Lamichhane & Venturi, 2015) . Different pathogen species or strains of the same species can infect a plant simultaneously and lead to a different disease expression than infection by a single pathogen. Below, we draw upon several examples of coinoculation of pathogens in legume crops to illustrate how important it is to consider multimicrobial interactions to make progress in understanding root and foot rot phenomena in grain legumes.
More than half a century ago, Kerr (1963) saw that conjoined infection of pea with Fusarium oxysporum and Pythium ultimum leads to a significant increase of disease development compared with single inoculations. Likewise, Pfender and Hagedorn (1982) observed that P. ultimum and A. euteiches infect snap bean (Polypodium vulgare) simultaneously, and that disease severity is significantly higher if both pathogens infect the host plant. F. solani frequently acts in complexes with other pathogens such as R. solani, F. oxysporum, A. euteiches, or P. ultimum to infect pea (Mathew et al., 2012; Tu, 1991) . Peters and Grau (2002) inoculated two pea cultivars with A. euteiches and a nonpathogenic strain of F. solani separately or together and observed an increase in Aphanomyces root rot symptoms with coinoculation of both microorganisms. Different pathogen species may also inhibit each other. For alfalfa (Medicago truncatula), coinoculation with both A. euteiches and P. pinodella resulted in significantly reduced amounts of P. pinodella DNA compared with the individual inoculation (Hossain, Bergkvist, Berglund, Mårtensson, & Persson, 2012) . Similar results have also been obtained with coinoculation of A. euteiches and Phytophthora medicaginis (Vandemark, Ariss, & Hughes, 2010) . In pea, the infection with an endophytic Fusarium equiseti strain reduces disease severity and biomass reduction caused by F. avenaceum and P. pinodella (Šišić et al., 2017) . Similar results were obtained with nonpathogenic F. oxysporum isolates protecting pea against F. solani (Oyarzun, Postma, Luttikholt, & Hoogland, 1994) . Interestingly, other strains of F. oxysporum and Fusarium equiseti can cause disease on a wide range of different legume hosts (Berg, Miller, Dornbusch, & Samac, 2017; Goswami et al., 2008; Li, Zhang, Sun, Li, & Ji, 2017) . The fact that the same fungal species is found to be pathogenic in some experiments and nonpathogenic in others indicate how disputable the term "(non-) pathogen species" is. This coarse classification neglects that the taxonomic level "species" often includes different strains with distinctive biological features. Moreover, the pathogenicity of microbial species and their more or less detrimental interactions with the plant host has to be conceived within the framework of the whole microbiome (Berg, Miller, et al., 2017) . Specific host resistances against pathogens identified in a certain environment do not necessarily translate to other environments. For instance, pea-breeding lines exhibited different levels of tolerance to A. euteiches when evaluated at two different locations in the north-western USA (Weeden, McGee, Grau, Muehlbauer, 2000) . Hamon et al. (2011) identified certain resistance QTL (Ae-Ps2.2 and Ae-Ps4.1) only in French, but not in US field experiments. The authors of the latter studies argue that diversity of A. euteiches at the different field sites and a possible occurrence of other pathogens, namely, Fusarium ssp. and P. pinodella, explain site-specific resistance rankings and detected QTL. Abdullah et al. (2017) concluded that resistance capacities of pea cultivars against single pathogens, especially when determined under gnotobiotic conditions, have limited transferability to complex field conditions.
To overcome such limitations, it is necessary to consider complex plant-microbe interactions and develop screening systems that account for multiple interactions among pathogens, beneficial microbes, and the host plant genotype. (Conrath et al., 2006; Shoresh, Harman, & Mastouri, 2010; Sindhu, Dua, Verma, & Khandelwal, 2010; Verma, Adak, & Prasanna, 2016; Xue, 2003) . For instance, Trichoderma belongs to one of the best-studied genera with antagonistic activity against a wide range of root pathogens (Harman, Howell, Viterbo, Chet, & Lorito, 2004) . Trichoderma spp. are well known to proliferate and function in association with plant roots (Hohmann, Jones, Hill, & Stewart, 2011 . This ability has been identified as one of the most important factors for their potential to control root pathogens. For legumes, Trichoderma spp. were shown to be an effective biocontrol agent against Rhizoctonia seedling mortality and foot rot in pea and common bean (Akhter et al., 2015; Aziz, El-Fouly, El, & Khalaf, 1997; Nelson, Harman, & Nash, 1988; Toghueo et al., 2016) . AMF are also known to alleviate disease in grain legumes and other crops (Bodker, Kjoller, & Rosendahl, 1998; Dehariya, Shukla, Sheikh, & Vyas, 2015; Hilou, Zhang, Franken, & Hause, 2014; Ren et al., 2015) . Other fungi do not necessarily need to colonize plant roots to confer protection against pathogens, as shown for the biocontrol fungus Clonostachys rosea. This mycoparasite was shown to effectively protect pea seedlings against different pathogenic microbes (Xue, 2003) . Along with fungi, bacteria endophytically associate with plant roots and confer protection against pathogens (Dudeja et al., 2012; Rybakova et al., 2016) . In the first place, rhizobia strains protect legumes against root diseases, such as Pythium damping-off in pea and lentil (Bardin, Huang, Pinto, Amundsen, & Erickson, 2004; Huang & Erickson, 2007) . Antagonistic activity of rhizobia against pathogens is attributed to production of antibiotics and antifungal compounds or to the induction of systemic resistance and enhanced expression of plant defence-related genes (Das, Prasanna, & Saxena, 2017; Desalegn, Turetschek, Kaul, & Wienkoop, 2016) . Besides rhizobia, various naturally occurring bacteria associate with plant roots and are effective biocontrol agents against bacterial and fungal diseases. Several plant growth-promoting rhizobacteria were shown to have such biocontrol properties in pea (Singh, Prithiviraj, Singh, & Sarma, 2000) , chickpea (Akhtar & Siddiqui, 2009; Egamberdieva, Wirth, Shurigin, Hashem, & Abd-Allah, 2017; Misk & Franco, 2011) , pigeon pea (Dutta, Morang, Nishanth Kumar, & Dileep Kumar, 2014) , and common bean (Hsieh, Huang, & Erickson, 2005; Lopes, de Oliveira Costa, Vanetti, de Araújo, & de Queiroz, 2015) .
| Plant-microbe interactions and disease resistance
Different beneficial microorganisms interact and this microbial crosstalk has important consequences for plant health (Cameron, Neal, van Wees, & Ton, 2013; Shtark, Borisov, Zhukov, & Tikhonovich, 2012) . Palmieri, Vitullo, de Curtis, and Lima (2017) showed that a microbial consortium of four beneficial rhizobacteria controls F. solani and F. oxysporum of chickpea more efficiently than each bacterial isolate on its own. The control of red crown rot in soybean (Glycine max) is more efficient when coinoculating AMF and rhizobia compared with single inoculations with either symbiont (Gao et al., 2012) . The coapplication of various pathogen and antagonistic microbial strains is a promising approach to identify microbial key players that are active in more complex systems.
Controlled experiments and coinoculations depict the tripartite interaction between host plant, pathogens, and beneficial microbes in a useful, though simplistic, way. The situation in the field is more complex and disease severity or suppression of soil-borne diseases are the result of a complex interplay within the microbial community present in a given soil (Lareen, Burton, & Schäfer, 2016) . New 
| Plant genotype drives the microbial rhizosphere composition
It is well known that different plant species have distinct rootassociated microbiomes (Doornbos, van Loon, & Bakker, 2011; Garbeva, van Elsas, & van Veen, 2007; Toju et al., 2013) . The selective effects of crop species on microbial communities can be very specific.
For instance, it was shown that chickpea, lentil, and pea have different root-associated fungal communities in general, but that AMF communities do not differ between the three crops .
Besides interspecies variation, microbial composition in the rhizosphere also differs between genotypes of the same species and Coleman-Derr and Tringe (2014) highlighted the role of microbial communities to confer stress tolerance to their host plants. In 1904, Lorenz Hiltner postulated the pioneering idea that the resistance of pea against soil fatigue depends on the composition of the microbial community in the rhizosphere (Hartmann, Rothballer, & Schmid, 2008) .
Only with the advent of next-generation sequencing technologies has it been possible to elucidate the composition of soil microbial community in recent years. Several studies investigated the effect of the host genotype on the microbial community composition. For instance, Zancarini, Mougel, Terrat, Salon, and Munier-Jolain (2013) reported significant differences in the genetic structure and diversity of the entire bacterial rhizosphere community between seven genetically diverse Medicago truncatula lines at an early growth stage. The rice genotype explained 30% of the variation in the microbial rhizosphere composition (Edwards et al., 2015) . In an extensive survey of the potato-associated microbiome, Weinert et al. (2011) showed that 9% of all detected operational taxonomic units revealed a cultivar-dependent abundance. Different maize cultivars were shown to differentially stimulate rhizobacteria and AMF populations (Picard, Baruffa, & Bosco, 2008) , and significant genotypic effects among 10 maize inbred lines accounted for 26% of the variation in the bacterial rhizosphere composition (Emmett, Youngblut, Buckley, & Drinkwater, 2017) . Peiffer et al. (2013) showed that plant genotype explains a small but significant part of the total observed bacterial diversity in the rhizosphere among 27 modern maize inbred lines evaluated in different field environments. Ellouze et al. (2013) detected genotypic effects of chickpea on soil microbial diversity (using cultural methods) and their impact on the subsequent durum wheat (Triticum durum) crop.
However, this effect was diminished under severe drought. A genotypic effect on the root and rhizosphere microbiome was also detected in barley (Hordeum vulgare) (Bulgarelli et al., 2015) .
The plant genotype also determines the interaction with individual members of the microbial community in the rhizosphere and evidence for host genotype-dependent interaction exists, for example, for rhizobia (Roskothen, 1989; Yang et al., 2017) , AMF Hetrick, Wilson, & Todd, 1996) , and rhizobacteria . To date, only few studies have assessed the role of plant genotypic variation in microbe-mediated disease resistance. Mark and Cassells (1996) lycopersici. Cultivar-specific root-associated bacterial communities have been found in wheat and maize that differ in their ability to attract naturally occurring DAPG-producing Pseudomonas spp. and the amount of antibiotics produced by the biocontrol strains differed between the cultivars' rhizospheres (Gu & Mazzola, 2003; Meyer et al., 2010; Wen, Wang, Ti, Wu, & Chen, 2017) . Different cotton cultivars showed significant varietal responses to cyanobacteria and a Trichoderma sp. applied as a biocontrol formulation against a root rot complex in the field (Babu et al., 2015) . In lentil, significant plant genotype effects were shown for the interaction with Trichoderma spp. in the presence of the pathogen A. euteiches (Prashar & Vandenberg, 2017) . Although the Trichoderma spp. did not hinder the pathogen from infecting the host, they significantly promoted plant growth under pathogen stressed conditions. The crosstalk between the plant and the microbial rhizosphere community as a whole is still barely understood. Knowledge of the function and the underlying genetics is still restricted to particular well-studied plant-microbe models, such as the mapping of symbiotic loci related to rhizobial and mycorrhizal symbiosis in model species (Sandal et al., 2006) 
| THE ROLE OF ROOT EXUDATES IN DISEASE RESISTANCE OF LEGUMES
Plants release considerable amounts of photosynthetically fixed carbon from their roots in form of carbohydrates, amino acids, organic acids, growth factors, lipids, and enzymes, and, thus, provide considerable portions of carbohydrates and N to the soil microbiota (Curl & Truelove, 1986) . Various organic acids are predominant in root exudates of axenically grown crop plants and the composition of organic acids is markedly changed in the presence of pathogenic fungi . Certain organic acids, for example, butanoic acid, ferulic acid, 3-indolepropanoic acid, and rosmarinic acid, were shown to be involved in defence responses of the plant (Bais, Walker, Schweizer, & Vivanco, 2002; Walker, Bais, Halligan, Stermitz, & Vivanco, 2003) . Owing to the hallmark feature of legumes to form an intimate mutualistic symbiosis with rhizobia, most attention has been paid to root exudates (e.g., flavonoids) involved in the establishment of this symbiotic association (Garg, 2007; Sugiyama & Yazaki, 2012) . However, root exudates have manifold direct and indirect effects on the root-associated microbiota with relevance to pathogen regulation and disease susceptibility ( Figure 1 ).
| Root exudates stimulate or suppress soil-borne pathogens
Root exudates contain compounds that directly stimulate or suppress the growth of soil-borne plant pathogens. They provide an appropriate carbon source for many soil microbes (Bais et al., 2006) . For instance, germination of oospores of two strains of A. euteiches isolated from pea roots is significantly stimulated by pea root exudates compared with exudates of other crop plants (Shang, Grau, & Peters, 2000) . Different sugars and also amino acids present in root exudates stimulate chemotaxis, encystement, and cyst germination of the soy pathogen Phytophtora sojae (Suo et al., 2016) . It was shown that artificially amending soils with root exudates of legume plants leads to an increase of fungal biomass in the rhizosphere (Broeckling, Broz, Bergelson, Manter, & Vivanco, 2008; Li et al., 2014) . Besides many compounds commonly exuded by plants, there are several ones that are specifically released from the roots of legumes such as the strigolactone-like metabolites peagol and peagoldione with germinative activity on broomrape (Orobanche crenata) seeds (Evidente et al., 2009) . Root exudates of pea cultivars were shown to stimulate the germination of microconidia and chlamydospores of pathogenic F. oxysporum, macroconidia of F. solani, and oospores of A. euteiches (Whalley & Taylor, 1973) . Intriguingly, macroconidia germination of F. solani is also highly stimulated by other flavonoids known to induce nod genes in Rhizobium leguminosarum bv. viciae, the rhizobial symbiont of pea (Ruan, Kotraiah, & Straney, 1995) . This suggests that F. solani is capitalizing on molecules that are released by pea roots for the purpose of the molecular crosstalk with their bacterial root symbionts. The stimulatory effect on macroconidia was reduced for F. solani strains that are associated with beans or absent in the case of strains associated with nonlegume plants, pointing at the specificity of the pathogen-host interaction.
Root exudates also comprise a large number of defence-related compounds with manifold effects on various rhizosphere-colonizing microbes, as reviewed by Baetz and Martinoia (2014) . For instance, pisatin was the first phytoalexin identified and, since then, its interaction with fungal pathogens has served as a prime example to understand plant pathogenicity and nonhost resistance (Cruickshank & Perrin, 1960; Hadwiger, 2008 Hadwiger, , 2015 . Pisatin is produced by peas and acts as an important defence molecule against fungal pathogens (Preisig et al., 1990) . Detoxification of pisatin by demethylation and subsequent metabolizing allows pathogens to evade plant defence and is associated with pathogenicity in pea, chickpea, and alfalfa (Enkerli, Bhatt, & Covert, 1998; Hirschi & Van Etten, 1996; Milani et al., 2012; Soby, Caldera, Bates, & VanEtten, 1996) . Other plant defensins are known, but explicit experimental reports on their occurrence and mode of action in root exudation of legume species is scarce (Hanks et al., 2005; Thomma, Cammue, & Thevissen, 2002) . Certainly, more research is needed to address the importance of defensins in root exudates of legumes and their role in plant defence against soilborne pathogens and to elucidate the genetic basis of defensins exudation and variability. Other antimicrobial compounds found in root exudates include chitinases, glucanases, and lipid transfer proteins that showed inhibitory effects on conidia germination and hyphal growth of F. oxysporum in vitro (Nóbrega et al., 2005) . In this latter experiment, as in many other studies, root exudates were recovered from plants growing in an axenic, pathogen-free hydroponic system, indicating that legumes constitutively exude defence-related compounds into the rhizosphere. Roots may exude important antifungal compounds; however, the susceptibility of plants to fungal pathogens can also depend on entire exudation profiles. For instance, the anthocyanin delphinidin present in seed coats of peas is exuded during germination and has a fungistatic activity against conidial germination of F. solani, but this activity is nulled by a sufficient exudation of carbohydrates at the same time (Kraft, 1977) . 
| The interplay between root exudates and the microbial community
Beside direct antimicrobial effects, root exudates also influence plant health indirectly by attracting beneficial microorganisms. Rudrappa,
Czymmek, Paré, and Bais (2008) showed that the secretion of malic acid in Arabidopsis thaliana was induced by pathogenic Pseudomonas syringae that, in turn, led to the recruitment of an antagonistic strain of Bacillus subtilis. Plant growth-promoting rhizobacteria and Trichoderma spp. are readily attracted by organic acids released from roots Zhang, Meng, Yang, Ran, & Shen, 2014) .
The regulation and the composition of root exudates is highly dynamic and changes with the physiological state of the plant (Yuan et al., 2015) . Root exudation is also effected by the soil microbial community. For instance, defensin genes are generally upregulated in legumes upon pathogen attack, as shown for the interaction between pea and F. solani (Chiang & Hadwiger, 1991) . Interestingly, the same genes are induced in Medicago truncatula in response to the infection by an AMF, pointing at a possible mechanism of mycorrhiza-mediated disease resistance (Hanks et al., 2005) . Besides direct induction of plant defence-related metabolic responses, beneficial microorganisms can also prime the plant, a state of increased alertness (Conrath et al., 2006; Pieterse et al., 2014) . Seeds of parasite weeds (e.g., broomrape; Orobanche sp.) conceive root exudates of their host plants as a signal to germinate and subsequently infect the host. Mabrouk et al. (2007) assessed the interaction of rhizobia (Rhizobium leguminosarum), pea root exudates, and broomrape and found that the germination rate of broomrape seeds significantly decreases in the presence of root exudates collected from rhizobia inoculated FIGURE 1 Schematic representation of plant genotype-dependent interactions in the rhizosphere. Left: Plant genotype susceptible to a complex of soil-borne pathogens. Right: Resistant plant genotype. Four hypothetical root exuded compounds (mock molecules), three pathogenic microbial species (reddish colours), and three beneficial species (greenish colours) are represented. Note: All microbial species are present in the rhizosphere of both plant genotypes but their relative abundance is different in the two cases. Mainly fungal pathogens are attracted by the susceptible genotype, and the plant is heavily infected, consequently, plant growth is stunted. The resistant genotype exudes either compounds that suppress pathogens directly (yellow) or compounds that attract beneficial microbes that in turn mediate defence against pathogens, for example, through direct antagonism, niche exclusions, or localized or induced systemic resistance peas. They identified marked changes in root exudate composition following inoculation with rhizobia, notably with significantly higher exudation of various phenolic compounds and flavonoids. Root exudation patterns also change upon contact and colonization by mycorrhizal fungi, with much of the change related to the regulation of the symbiosis itself (Jones, Hodge, & Kuzyakov, 2004) . Strigolactones are involved in the establishment of the mycorrhizal symbiosis. These phytohormones stimulate the spore germination and hyphal branching of AMF, but also trigger seed germination of parasitic plants (Foo & Reid, 2012; Gomez-Roldan et al., 2008) . The chemistry and mode of action of various individual root exudates involved in plant defence are known today. As illustrated, certain compounds have very specific effects on individual microorganisms, whereas others attract or suppress both beneficial and detrimental microorganisms. In turn, the microbial rhizosphere community greatly influenced root exudation of the plant. Consequently, the overall effect of the interplay between root exudates and root-associated microbes is the result of very complex reciprocal processes.
| Genotypic differences in root exudation
Several studies on different legume species revealed genotypic differences in root exudate composition and their effect on rhizosphere processes. For instance, chickpea cultivars with different levels of susceptibility to Fusarium wilt vary in their production of chitinase, protease, and glucanase in germinating seeds and in roots leading to distinct effects on F. oxysporum spore germination and hyphal growth (Haware & Nene, 1984; Stevenson, Padgham, & Haware, 1995) . The expression of these antifungal compounds was shown to be induced in the resistant cultivars upon pathogen attack (Giri et al., 1998) . For pea, root exudates of eight different genotypes showed variable effects on quiescence levels in entomopathogenic nematodes (Hiltpold, Jaffuel, & Turlings, 2015) . It was further shown that varying root exudate concentrations had contrasting effects on activity and infectiousness of beneficial as well as parasitic nematodes. For pathogenic fungi, similar contrasting effects of certain root exudate compound levels have been observed. For instance, root exudates of two peanut cultivars significantly differed in their stimulating effect on spore germination, hyphal growth, and sporulation of the fungal pathogens F. oxysporum and F. solani (Li, Huang, et al., 2013) . Pavan et al. (2016) reported on a pea landrace highly resistant to a parasitic weed (Orobanche crenata), and that the resistance mechanism is likely due to the reduced secretion of strigolactones. Similar results were obtained with radiation-mutagenized chickpea, where a decrease in stimulatory activity of root exudates towards broomrape seed germination was responsible for strong resistance of some mutants (Brahmi et al., 2016) . Genotypic differences for root exudation patterns also exist for other rhizosphere-related processes in legumes (Kato & Arima, 2006; Rose, Damon, & Rengel, 2010; Subbarao, Ae, & Otani, 1997; Wouterlood, Cawthray, Turner, Lambers, & Veneklaas, 2004) . A noteworthy comparable phenomenon to soil fatigue in legumes is the so called "apple replant disease," which is responsible for severe yield reduction in apple production. Recently, Leisso, Rudell, and Mazzola (2017) evidenced differences in root exudation composition among four apple rootstock genotypes that show different levels of resistance to apple replant disease. The authors of this study deployed an elaborate experimental setup to control for rootstock-and root-associated bacterial origin of exudates and for developmental stage of the plant.
Although it was not possible to draw a clear partitioning between disease resistant and susceptible genotypes based on patterns of root exudates, particular molecular compounds were significantly more present in individual genotypes. For example, levels of benzoic acid were significantly more produced by a resistant than a susceptible genotype. Benzoic acid is a preferred substrate of the bacterium Burkholderia capacia that was previously shown to be abundant in the rhizosphere of replant disease resistant rootstocks and to act as a biological control against soil-borne pathogens (Pumphrey & Madsen, 2008) .
Genotypic variation in microbial rhizosphere composition can be attributed to a differential exudation of compounds (Aira, Gómez-Brandón, Lazcano, Bååth, & Domínguez, 2010; Micallef, Shiaris, & Colón-Carmona, 2009; Peiffer et al., 2013) . For instance, differences in root exudation between one wild type and two mutants of Arabidopsis thaliana are significantly correlated with differences in the bacterial and archaeal community composition in the rhizosphere (Carvalhais et al., 2015) . Variation in two plant genes (su1 or sh2) responsible for plant carbon allocation strategy in maize greatly modified the structure and activity of the microbial community in the maize rhizosphere (Aira et al., 2010) . These findings demonstrate a genetic basis of the plant to stimulate or inhibit individual microbial strains or entire consortia through regulatory actions such as root exudation. The presented interplay between roots and their associated microbiome through exudates is a key determinant for plant health.
| INTEGRATING THE MICROBIOME TO IMPROVE RESISTANCE AGAINST BIOTIC STRESSES IN LEGUME BREEDING
As described in the previous sections, pathogenic and beneficial microorganisms in the rhizosphere interact with each other and the plant host. Despite the complexity of microbe-microbe and plantmicrobe interactions, a solid scientific basis for directed manipulations of these interactions in agro-ecosystems is emerging. Actions targeting plant-microbe interactions will most likely improve plant health and productivity, and thus, lead to more sustainable agriculture (Turner et al., 2013) . Plant-microbe interactions can be harnessed either through the direct manipulation in form of an external supply of specific microbes or through plant breeding. We will briefly summarize some recent publications of successful applications of bio-inoculants, before discussing plant breeding for microbiome-mediated disease resistance in the last sections.
| Increased crop productivity with microbial amendments
Bio-inoculations are a relatively simple but effective means to increase crop productivity through the amendment of certain microorganisms. Seed coating of grain legumes has been especially successful for N-fixing bacteria and mycorrhizal fungi (O'Callaghan, 2016; Oliveira et al., 2017; Patil & Alagawadi, 2010) . A yield increase of 52% was obtained through coinoculation of chickpea with an N-fixing (Mesorhizobium ciceri) and a P-solubilizing (Pseudomonas jessenii) bacteria (Valverde et al., 2006) . Similarly, for mung bean (Vigna radiata), 23% yield increase was reported after coinoculation with two AMF species (Tarafdar & Rao, 1997) .
Yield increases of 20% and 39% were obtained with lentil after single or coinoculation with three complementary bacterial strains, respectively (Chandra & Kumar, 2008) . Shcherbakova et al. (2017) identified improved N-fixation, a change in the exudation activity, and the rhizosphere microbiome of chickpea after a combined inoculation with Mesorhizobium sp., Bacillus subtilis, and physiologically active molybdenum. Significantly, these studies moved beyond applications of individual bio-inoculants and showed improved performances with coapplication compared with the individual inoculation of microbes.
Major constraints for a successful establishment of the introduced microbes in the rhizosphere are limited viability and storage time, unfavourable abiotic soil properties or environmental conditions, insufficient competition, or incompatibility of the inoculant with the indigenous microbial community (Abujabhah, Bound, Doyle, & Bowman, 2016; Chaparro, Badri, & Vivanco, 2014; Fließbach, Winkler, Lutz, Oberholzer, & Mäder, 2009; Hu et al., 2017; Mnasri et al., 2017) . In the future, it will be possible to introduce more complex microbial associations as synthetic community inoculants (Niu, Paulson, Zheng, & Kolter, 2017) . Cole et al. (2017) proposed a starting point for a targeted improvement of the competitiveness of introduced microbes by identifying 115 genes relevant for the successful colonization of Pseudomonas simiae of plant roots. Such approaches seem very promising and develop into fast-emerging business advances focussing on microbial seed coating (Waltz, 2017) .
| Engineering the microbial community through plant breeding
The potential of breeding for microbe-mediated disease resistance in legume crops is based on the hypothesis that plant functions, including resistance to biotic and tolerance to abiotic stresses, are the result of the plant's metagenome that includes the associated internal and external microbes (Berendsen, Pieterse, & Bakker, 2012; Berg, Miller, 2017; Coleman-Derr & Tringe, 2014; de Boer, 2017; Mendes, Garbeva, & Raaijmakers, 2013; Pieterse, de Jonge, & Berendsen, 2016) . This line of thought is additionally fuelled by the new advent in human health research related to the gut microbiome (Gilbert et al., 2016) . Vandenkoornhuyse, Quaiser, Duhamel, Le Van, and Dufresne (2015) stressed the holobiont concept as a unit of selection and adaptation, considering the holobiont as one entity or megaorganism including functions and interactions of the plant and all associated internal and external microorganisms (i.e., the plant microbiome). The genetic information of this holobiont is defined as the hologenome. However, Douglas and Werren (2016) argue that selection might not necessarily happen always at the holobiont level, but that both mutualistic and antagonistic evolution (including fitness conflicts) can occur among constituent members of the host-microbiome communities.
| Selecting against beneficial microbes?
It has been postulated that plant domestication and breeding, under optimal supply of input factors such as fertilizers, has unintendedly led to selection against a genetically diverse plant-associated microbial community (Bennett, Daniell, & White, 2013; Bulgarelli et al., 2015; Hohmann & Messmer, 2017; Morgan, Bending, & White, 2005;  Pérez-Jaramillo, Mendes, & Raaijmakers, 2016; Wen et al., 2017) . However, although Bulgarelli et al. (2015) could show small but significant differences in root-associated bacterial communities between a wild barley genotype, a barley landrace and the elite cultivar Morex, a general reduction in diversity was not found. Similar results were obtained when comparing ancient and modern maize (Johnston-Monje, Mousa, Lazarovits, & Raizada, 2014) . In contrast, wild beet plants (Beta vulgaris) harboured distinct operational taxonomic units and a more diverse bacterial community than domesticated sugar beet plants (Zachow, Müller, Tilcher, & Berg, 2014) . A more recent study further elaborated on the link between common bean domestication, specific root morphological traits, and rhizobacterial communities and found a higher abundance of Bacteroidetes and less Actinobacteria and Proteobaceria in wild beans compared with modern bean cultivars (Pérez-Jaramillo et al., 2017) . A common drawback of most of these studies is the limited number (<10) of genotypes analysed. However, comparing 33 wild populations, landraces and modern cultivars of sunflower (Helianthus annus), a significant shift in the fungal rhizosphere community was observed, but there was no change in bacterial rhizosphere and root community (Leff, Lynch, Kane, & Fierer, 2017) . At the current taxonomic resolution, there seems to be a shift rather than presence-absence of operational taxonomic units along the footprint of domestication.
Nevertheless, in situ conservation of crop wild relatives in their centre of origin offer a great potential to rediscover microbial associations that have coevolved with the crop and to support modern breeding programmes aiming at enhanced plant immunity (Hale, Broders, & Iriarte, 2014) .
| Breed where the microbes are
Future breeding strategies to promote plant health should focus not only on multiple aspects of a plant in its given environment, including phenotypic, genotypic, and metabolomic data, but also on plant microbial communities and the potential of the plant genotypes to steer their microbial communities (Box 2; Bakker, Manter, Sheflin, Weir, & Vivanco, 2012; Hartmann et al., 2009; Hohmann & Messmer, 2017; Lakshmanan, 2015; Pérez-Jaramillo et al., 2016; Wissuwa, Mazzola, & Picard, 2009 ). Although much more research is needed to close major knowledge gaps and link microbial diversity with function and ecosystem services (Finkel, Castrillo, Herrera Paredes, Salas González, & Dangl, 2017; Hartman et al., 2017; Oyserman, Medema, & Raaijmakers, 2018) , there are already certain strategies and tools breeders can consider to integrate microbiome functions in breeding programmes. Box 2. Microbiome-supported resistance breeding • The plant genotype significantly effects the composition of the rhizosphere microbiome.
• Selection of plant genotypes needs to be conducted in environments that reflect the pathogen situation in the field and that are favourable for plant-microbe interactions (i.e., in the absence of pesticides and excessive fertilizers).
• Individual pathogenic or beneficial key players (via realtime quantitative PCR) or whole microbiome profiles (via next-generation sequencing) can be determined to support the selection process in target environments.
• Plant breeders can screen for specific root exudate compounds that are involved in microbiome-mediated disease resistance.
• The heritability of plant resistance traits can be increased through the inclusion of plant genotype × environment × microbiome interactions.
• The identification of genomic regions associated with microbiome-mediated disease suppression allows to design marker-assisted selection approaches. Plant selection should occur in its target environment in living soil, allowing to account for plant-microbe and microbe-microbe interactions, as whole microbial communities rather than a few pathogen species might be different in that soil. Gaue (1998) stated that breeding of red clover (Trifolium pratense) against soil-borne fungal diseases is only successful under field conditions. He argued that plant selection needs to be performed in fields where a naturally occurring complex of root rot pathogens is present. The soil fungal community of lotus (Nelumbo nucifera) in healthy and Fusarium wilt-infected fields showed significant differences, indicating reduction of beneficial microorganism and accumulation of fungal pathogens under continuous lotus cultivation (Cui, Wang, Zeng, & Sun, 2016) . These results are in line with the above cited observations on microbial dysbiosis in pea (Xu et al., 2012; Yu et al., 2012) , peanut , and tobacco . Such an approach will allow to select plant genotypes that associate with a disease-suppressive or "healthy" microbiome that can restrict the virulence of predominant pathogens. Multilocation, multiyear testing is also crucial for the detection of plant genes or genetic loci with influence on the microbiome composition, because experiments under controlled conditions alone, by reducing environmental variability, might overestimate the importance of certain genes (Anderson, Wagner, Rushworth, Prasad, & Mitchell-Olds, 2013; Wagner et al., 2016) . Using naturally infested agricultural soils that harbour multiple pathogens will allow to identify resistances to several interacting pathogens and, thus, better reflect the situation in the field. Experimental fields should be characterized not only for soil type, soil structure, nutrient content, and pH, but also for the microbial bulk soil and rhizosphere community. Chang, Haudenshield, Bowen, and Hartman (2017) were able to identify groups of microbes associated with productivity of soybean based on a metagenome-wide association study assessing bulk soil from different field sites. Subsequently, they used a machine-learning algorithm to successfully predict soybean productivity based on microbiome data. Characterization of the resident field microbiome through metagenomic approaches could allow plant breeders to make well-informed choices of field sites for selection and variety testing.
Besides field screenings, meaningful high-throughput selection can be achieved by standardized growth-chamber experiments that use agricultural field soils instead of sterile substrate. It was shown that disease assessments under controlled conditions can strongly correlate with field ratings (Hamon et al., 2011; Wang et al., 2006) , indicating that these screening systems can serve as a valuable tool to identify possible sources of resistance in legumes.
In contrast, selection steps conducted in sterile conditions ignore important plant-microbe interactions and might even lead to an overestimation of genotypic effects due to vertically Another approach is to identify and quantify key players from target environments and use a synthetic community (including key pathogen species within a simplified microbial community) as inoculant under controlled conditions (Gopal, Gupta, & Thomas, 2013; Oyserman et al., 2018) . Niu et al. (2017) used a simplified representative bacterial community to study the community assembly dynamics on axenic maize seedlings under presence of root pathogens. Bazghaleh, Hamel, Gan, Tar'an, and Knight (2015) were able to identify significant differences in root fungal community compositions between 13 chickpea cultivars and verified positive and negative effects of certain isolated strains on plant performance in a greenhouse.
| The plant-microbiome as a plant trait
Functional plant-microbiome interactions should be incorporated into breeding processes as a heritable trait. In order to disentangle direct and microbe-mediated resistance and prove the concept of holobiont selection, multifactorial trials are needed to test the genotypes in sterile and nonsterile soils with different level of pathogen pressure.
In one of the first studies, Panke-Buisse, Poole, Goodrich, Ley, and Kao-Kniffin (2014) showed that Arabidopsis-associated root microbiomes that were selected for the plant trait (Annicchiarico, Bellah, & Chiari, 2005; Busby et al., 2017) . Likewise, breeding more diverse cropping systems (e.g., mixed cropping, intercropping, undersowing) that harbour and maintain greater microbial diversity (Chave, Tchamitchian, & Ozier-Lafontaine, 2014; Granzow et al., 2017; Lori, Symnaczik, Mäder, De Deyn, & Gattinger, 2017; Wang, Zheng, et al., 2017) will foster selection for beneficial plant microbe interaction. Wagner et al. (2016) reported significant plant genotype effects and G × E interaction of wild perennial mustard (Boechera stricta) on the microbiome community of leaves as well as effect of the plant age. The authors stress the importance of replicating microbiome experiments across sites and time points, in order to reveal genes controlling microbiome variation that are of actual relevance for given farming environments. However, direct selection of plants promoting a beneficial soil microbiome community is very challenging, because few studies are available where microbial diversity is linked with improved plant health and because fields are not yet characterized according to their microbiome profile. In the future, further research of the soil microbiome and employment of additional tools like metagenome-wide association studies will allow to predict traits such as disease resistance based on the rhizosphere community composition (Chang et al., 2017; Nogales et al., 2016) .
| Genetic markers for beneficial microbial communities
As discussed in earlier sections, the plant genotype determines microbial community composition in the rhizosphere and this microbial community has direct implications for plant health. To take advantage of this knowledge and to integrate it into plant breeding, future research needs to explore which plant loci govern the interaction with the microbiome. In addition to illuminating the microbiome of different crop species and cultivars, the vast amount of microbiome sequencing data will allow to perform promising GWAS to identify plant loci responsible for specific plant-microbe interactions. In this regard, the work of Smith, Handelsman, and Goodman (1999) has pioneer character. They evaluated the efficacy of the biocontrol agent Bacillus cereus against the tomato seed pathogen Pythium torulosum and detected significant phenotypic variation among recombinant inbred tomato lines for B. cereus-mediated disease resistance. Genetic analysis revealed that three major QTL, associated with disease suppression by B. cereus, explained 38% of the observed phenotypic variation among the recombinant inbred lines. Horton et al. (2014) revealed that the microbial community of Arabidopsis is genotype-dependent and used a GWAS to identify plant loci responsible for the host genotype-dependent structuring of the microbial community. Intriguingly, gene sets involved in defence reaction and signal transduction in the plant were identified as being most important in the structuring of the microbial composition. With more and more genomic information available beyond model species (e.g., reference genome for common bean; Schmutz et al., 2014) , the identification of genomic loci and candidate genes involved in plant-microbiome interactions will be possible for legume crop species as well. For instance, a publicly available SNP marker data set has recently been released for pea (Holdsworth et al., 2017) and chickpea (Parween et al., 2015) . Association mapping has furthermore been successfully applied to identify markers for various agronomic important traits in legumes (Cheng et al., 2015; Zuiderveen, Padder, Kamfwa, Song, & Kelly, 2016) . Leveraging plant genomic resources together with metagenomic information of the associated microbiota would enable the identification of markers for resistance against soil-borne pathogen complexes and the application of MAS in breeding programmes in the future (Kroll, Agler, & Kemen, 2017) . This would ultimately lead to an enhancement of a favourable interplay between crop plants and their associated soil microbiota.
| Plant selection based on key root exudates
Root exudates are central elements in the dialogue between plants and the microbial community in the rhizosphere. Genetic variation in root exudate composition could be exploited in breeding programmes if certain key exudates can be linked to microbial-mediated disease resistance. Breeding lines can be screened for resistance on pathogen-infested soil. Subsequent profiling of root exudates using untargeted metabolomics (e.g., gas chromatography-mass spectrometry; Zhang, Sun, Wang, Han, & Wang, 2012) will enable the identification of key metabolites or exudate profiles significantly associated with disease resistance. Pavan et al. (2016) found a pea cultivar highly resistant to broomrape infection and evidenced a reduced exudation of strigolactones as the explanation for resistance. However, strigolactones are also of great importance for AM symbiosis and care must be taken before such a selection target is chosen to avoid tradeoffs . Parallel analysis of the microbiome composition allows to link plant resistance, root exudation profile, and the occurrence of key microbes responsible for plant health. For instance, Wu et al. (2017) showed that organic acids exuded by the herb Radix pseudostellariae have negative effects on biocontrol microbes but favour pathogenic fungi and bacteria. Association mapping can be applied to identify genes involved in the synthesis and regulation of such key root exudates. Thereby, plant breeders have an intermediary trait at their command that allows them to select for microbe-mediated disease resistance. Moreover, recent advances in omics technologies propel the ambition to engineer the plant rhizosphere for healthier and more productive crop plants (Ramalingam, Kudapa, Pazhamala, Weckwerth, & Varshney, 2015; Zhang, Ruyter-Spira, & Bouwmeester, 2015) . This knowledge will be a valuable source of information for the design of molecular plant breeding strategies.
| CONCLUDING REMARKS
The importance of grain legumes for feed and food production is likely to increase in the near future. Rich in high quality proteins, minerals, and vitamins, they represent a healthy food component in human diet.
In many developing countries, they are already an irreplaceable part of the daily dishes, and, in the lifestyle societies of industrialized countries, they contribute to a reduced meet consumption. Through the symbiotic association with N-fixing rhizobia, legumes are able to significantly improve soil fertility, and hence, represent an ecologically important crop in low-input farming systems. Moreover, cool-season grain legumes provide an important alternative to soy-based protein imports. In the past decade, many reviews summarized the importance of microbial communities for plant health. Associations between roots and beneficial microorganisms, including the well-studied examples of symbiotic associations of legumes with rhizobia or AM symbiosis, form the basis of our current understanding of plant-microbe interactions.
We can expect that we will be able to go beyond these reductionist approaches in the near future and that our knowledge on complex plant-microbiome interactions will grow. More and more experiments assess complex plant-microbe interactions in soil-based systems and we begin to elucidate how plants protect themselves by shaping the microbial complexity of the rhizosphere. The understanding of the chemical dialogue between plants and microbes along the genomic deciphering of microbiome compositions will reveal leveraging points for resilient crop production systems. Plant breeding is the means by which plant-microbiome interactions can be harnessed to shape healthy and beneficial microbial communities in the rhizosphere. Integrating the knowledge on multifunctional interactions between crop plants and microbes in future agricultural systems and plant breeding will eventually lead to sustainable solutions to reduce the threat imposed by soil-borne pathogens.
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